Introduction
The control of mRNA stability is one of the most prominent forms of post-transcriptional gene regulation in eukaryotic cells. Although, historically, mRNA degradation has received less attention than mRNA synthesis, clearly both processes act together to establish the steady-state levels of different mRNAs and determine how fast those levels can change. Because mRNA degradation is the downstream process, its control can enhance, diminish or override regulation (or the lack thereof) exerted at the transcriptional level. Available data indicate that the average mRNA in plants and vertebrates survives and often continues to be translated for several hours before it is degraded [6, 74, 80] . However, mRNAs that degrade in a matter of minutes [33, 52, 57, 80] or remain intact for days or even weeks [6] are known to exist in higher eukaryotes. A range of mRNA stability has also been reported for bacteria and lower eukaryotes such as yeast, but in these organisms, the average transcripts degrade more rapidly than in higher eukaryotes. This feature makes it easier for microorganisms to quickly adapt to changing environmental conditions.
As sessile organisms, plants might benefit considerably from control at the level of mRNA stability, particularly when rapid responses to exogenous or endogenous stimuli are required. For example, if the optimal response to an environmental stimulus is to rapidly shut down the synthesis of a given protein, then having the protein encoded by a very unstable mRNA will be a big advantage. Conversely, for proteins that are needed at relatively constant levels, the buffering capacity of stable mRNAs would be the most beneficial. By differentially modulating the stability of individual transcripts in response to various signals, a further level of regulation can be achieved.
Interest in the control of inherent and regulated mRNA stability in higher plants has grown appreciably in recent years for several reasons. First, research continues to reveal genes that are apparently regulated at the level of mRNA stability [24, 76] . Second, the methodologies and model systems that are available for measuring mRNA stability have improved, and it is apparent that plants may provide opportunities to study unique mechanisms or to apply unique approaches. Finally, the study of mRNA stability in plants can have applied as well as basic significance because in some cases limitations at the level of mRNA stability can hinder the expression of foreign genes introduced into plants for crop improvement [ 17] . In this chapter, our discussion focuses on the stability of nuclear-encoded transcripts in higher plants. Our goal is not to present a comprehensive review, but rather to concentrate on the recent molecular analyses that provide the greatest mechanistic insights and a few less developed examples with high future potential. In addition to the progress made in plants, marked advances have resulted from studies of mRNA stability in yeast and animal systems, as highlighted in several recent reviews [14, 63, 66, 77] . We do not include investigations probing the role of mRNA stability in gene silencing because this topic is dealt with elsewhere in this volume (chapter by Baulcombe). Readers are also encouraged to see other chapters in this volume for discussions on mRNA stability in Chlamydomonas and in plant organelles (chapters by Rochaix and Sugita and Sugiura, respectively).
Measuring mRNA stability
A number of methods have been used to measure and compare the stability of different mRNAs. Some approaches directly measure mRNA half-lives, whereas others rely on the measurement of other parameters to evaluate mRNA stability. Each method has its strengths and limitations, factors which must be considered when selecting a method to evaluate mRNA stability and when comparing data obtained with different methods. Therefore, we begin with descriptions of several methods used to investigate mRNA stability and briefly discuss their strengths and possible limitations.
Nuclear run-on transcription
The most common method of finding evidence for regulation at the level of mRNA stability is to carry out nuclear run-on transcription experiments. During this procedure, isolated nuclei are allowed to continue transcription (i.e. run-on) in the presence of a labeled nucleotide. The amount of label incorporated into RNAs transcribed from the gene of interest is quantitated by hybridization and considered to represent the transcriptional activity at the time the nuclei were harvested. Generally, these experiments are used to compare multiple genes under the same condition or the same gene under different conditions. Large differences in transcript accumulation that cannot be accounted for by similar differences in transcriptional activity in run-on assays are generally attributed to differences in mRNA stability. However, one cannot be sure that discrepancies between run-ons and mRNA accumulation are due to control at the level of mRNA stability without further experiments, particularly in the case of small discrepancies. This is because run-on assays are not always highly quantitative and they are based on assumptions that may be difficult to confirm (e.g. that transcriptional activity in vivo is faithfully recapitulated by the transcriptional activity of isolated nuclei; see [83] for further discussion). Nevertheless, transcripts with large differences in mRNA accumulation that correspond to small differences in transcription warrant further investigation by one or more of the methods below because they are the most likely to be controlled at the level of mRNA stability.
Kinetics of mRNA decay
Degradation of mRNA is assumed to be a stochastic process, much like radioactive decay. Consequently, in the absence of synthesis, the change in mRNA concentration at any given time (dC/dt) is a first order process, dependent on the amount of mRNA present at that time and the decay rate constant kd) for the transcript of interest.
dC/dt = --kdC.
(1) However, mRNA decay is usually discussed in terms of the half-life of a transcript, or the time required for half of the existing mRNA molecules to be degraded. The halfqife can be derived from the above equation and represented as: tl/2 = In 2/kd. (2) Thus the half-life is inversely proportional to the decay constant. While this analysis of mRNA decay appears to be generally true, there are known exceptions. For example, the mammalian c-myc and c-fos mRNAs are subject to removal of their poly(A) tails prior to decay of the body of the transcript [33] . Those mRNAs then decay with biphasic kinetics, composed of a lag phase wherein deadenylation occurs, followed by firstorder decay of the body of the mRNA. The extent to which complex decay mechanisms alter mRNA halflife measurements is not known, and it may be negligible in most cases, yet it is important to realize that mRNA decay kinetics may not always be straightforward.
Experimentally, half-lives are most often measured by stopping transcription of the mRNA in question (see below) and monitoring the disappearance of the transcript over time by RNA hybridization. A semilogarithmic plot of mRNA concentration as a function of time then yields a straight line with the decay constant as the slope, as defined by:
ln(C/Co) = -kdt (3) where Co is the initial mRNA concentration, C is the mRNA concentration at time t, and kd is the decay constant. Half-lives can be read off the graph or calculated from Eq. 2.
Transcriptional inhibitors
The decay rates of endogenous transcripts are often measured by treating plant cells with transcriptional inhibitors such as actinomycin D, cordycepin, or c~-amanitin and monitoring the disappearance of the mRNA over time via RNA blot hybridization. Such experiments have proven extremely useful in providing direct measurements of mRNA half-lives, and have provided a large proportion of the direct half-life data in plants [24, 43, 45, 57, 60, 69] . Actinomycin D inhibits transcription by intercalating into the DNA, whereas cordycepin acts as a chain-terminating adenosine analogue. Thus, cordycepin affects polyadenylation as well as transcription, c~-Amanitin is an inhibitor of eukaryotic RNA polymerases II and III, blocking transcription by binding to the polymerase. It has been reported that the use of transcriptional inhibitors may increase the observed half-life for some transcripts, presumably by inhibiting the synthesis of a labile factor involved in mRNA degradation [62] , and a few such cases have been identified in plants [16, 21, 98] . Often, changes in mRNA half-life in response to a given stimulus can still be observed in these cases, although the magnitude of the effect may be dampened relative to that in the absence of the inhibitor [21, 98] . This technique is rarely used for very stable transcripts, due to the toxicity of extended exposure to the inhibitors.
from the protoplasts at intervals following electroporation and detecting the remaining electroporated transcript on RNA blots [23, 25, 26] . Another approach has been to monitor the functional half-life (in contrast to the chemical half-life) of the RNA by monitoring protein activity levels over time [23] . A potential limitation of electroporation is that it is currently unknown how many transcripts have similar relative stabilities when they are introduced into the cytoplasm via electroporation rather than via normal export pathways from the nucleus. Alternatives that avoid this potential problem (albeit with their own limitations) would be to electroporate DNA into protoplasts and monitor decay of the encoded transcripts following inhibitor treatment or after transcription naturally ceases [56] .
In vitro measurements
The establishment of in vitro mRNA decay systems is an additional approach that has shown promise for examining the control of mRNA stability in mammalian cells [66] and, more recently, in plants. An oat polysome-based in vitro mRNA decay system was found to faithfully mimic the in vivo order of decay and the half-lives of oat phytochrome A, /%tubulin, and actin [9] . In addition, in vitro systems containing polysomes or an S 150 extract from soybean seedlings or mature petunia leaves have been shown to produce degradation products of the soybean SRS4 transcripts that appear to be identical with putative decay intermediates known to be produced in vivo [78, 79] . The soybean and petunia systems have begun to provide insights into SRS4 mRNA decay mechanisms [78, 79] , but they have not yet been checked with other transcripts. With further testing, it seems likely that plant in vitro systems will prove to be important tools for comparing mRNA decay rates, particularly if they can be shown to recognize cis-acting sequences that affect mRNA stability in vivo.
Approach to steady state
Another way to estimate mRNA half-life is by measuring the rate at which a given transcript accumulates to a steady-state level (reviewed in [34] ). In an approach to steady-state experiment, transcripts are continuously labeled in vivo and the radioactivity incorporated into the mRNA of interest is monitored over time by molecular hybridization. When the synthesis and decay rates of the mRNA are equal, the transcript is at its steady-state level, and the total amount of radioactivity in the pool of that transcript will remain constant thereafter. The decay constant can be derived from the equation [32] :
where Ct represents mRNA specific activity at time t and Ca is the amount of radioactivity approached asymptotically. The half-life of the mRNA can then be calculated using Eq. 2. In order for the experiment to be valid, the supply of radioactive precursor must be constant and, if necessary, adjustments must be made for changes in specific activity that occur due to cell division. Also, it may be difficult to detect lowabundance and short-lived mRNAs due to low specific activity of their transcript pools. Recently, an approach to steady-state calculation was used to confirm mRNA half-life measurements made upon inhibitor treatment [45] .
Pulse-chase
Transcriptional pulse-chase methods, where a radiolabeled nucleotide is supplied to cells to produce a 'pulse' of labeled mRNA and subsequently 'chased' with excess cold nucleotide, have not been widely used.
It can be extremely difficult to detect rare or unstable transcripts using the transcriptional pulse-chase method because the large reservoir of unlabeled nucleotides in the cells limits the amount of incorporated label. The reservoir of unlabeled nucleotides also makes it difficult to achieve a rapid chase. Incorporation of radioactive nucleotides into the mRNA during the chase results in an apparent half-life that is longer than the true halflife, and the effect is greatest on transcripts with short half-lives [74] .
Regulated promoters
A particularly advantageous method for measuring mRNA half-lives involves the transformation of plant cells with one or more genes under the control of a regulated promoter, a technique used extensively in other systems [13, 29, 73] . Specifically, the use of a repressible promoter that stops transcription of the transgene(s) in response to a stimulus will allow the decay of the corresponding mRNA to be followed over time, in the absence of transgene mRNA synthesis. Regulating transcription in this manner only alters the transcription of the transgene(s) and therefore should have little or no effect on other cellular processes. As long as the promoter is strong enough to produce a sufficient pool of transcript at the start of the experiment, the decay rate of the transgene mRNA can be determined after the promoter is shut off. Under these conditions, the repressible promoter overcomes the primary drawbacks of the transcriptional inhibitor, electroporation, and pulse-chase methods. One such promoter developed for use in plants is called Topl0 [91] . Topl0 contains seven tetracycline operator sequences joined to a TATA box. The promoter is dependent on the TetVP 16 fusion protein for transcriptional activity [29] . TetVP16 consists of the operatorbinding portion of the bacterial tetracycline repressor fused to the acidic activation domain of the herpes simplex virus transcription factor, VP16. In plant [91] and mammalian [29] cells TetVP16 is rapidly inactivated in the presence of tetracycline, resulting in a cessation of transcription from the Topl0 promoter.
Tetracycline can be applied to excised plant tissues by vacuum infiltration [91] , to intact plants via root uptake in liquid growth systems [91] , or to cultured plant cells by addition to the growth medium [27] . Recent studies with stably transformed tobacco cells have successfully used Topl0 constructs to evaluate mRNA sequences that control the rate of SAUR-AC1 transcript decay [27] . Although the use and improvement of regulated promoter systems may represent the trend for the future, most of our current knowledge of mRNA half:lives derives from the other approaches discussed above.
Effects of endogenous and exogenous stimuli on mRNA stability
A large number of reports provide evidence for posttranscriptional regulation of mRNA abundance in plants, based on differences between nuclear run-on and mRNA accumulation data (discussed above) [11, 30, 61, 76, 89, 94] . However, the step in gene expression that is the target of the regulation has thus far been determined in relatively few instances. In cases where discrepancies between transcription rates and mRNA accumulation levels have been investigated further, differences in mRNA stability have often been found. Plant hormones regulate gene expression at many levels [24] , and there are indications of hormonal regulation at the level of mRNA stability as well. In dark-adapted Lemna gibba plants, cytokinin treatment increases fivefold the level of transcripts encoding the major chlorophyll a/b-binding protein of lightharvesting complex II (LHCP), as measured by RNA blot hybridization [19] . Similarly, in dark-adapted plants subjected to a pulse of red light two hours prior to harvest, a threefold increase in LHCP mRNA was observed in response to cytokinin treatment. Nuclear run-on transcription experiments carried out with nuclei isolated from dark-adapted or red-light-pulsed plants showed at most a 50% increase in transcription in response to cytokinin [ 19] . The difference in mRNA accumulation levels may be due to a stabilization of LHCP transcript in the presence of cytokinin.
Another probable example of hormonal regulation at the level of mRNA stability derives from studies of ethylene regulation of gene expression in ripening tomato fruit. Most genes in this system are controlled by ethylene at the transcriptional level. One exception is the El7 gene (subsequently called eri, for ethyleneresponsive proteinase inhibitor [51 ] ), which shows no difference in transcription rates when fruits are treated with exogenous ethylene, yet the mRNA increases sixfold [48] , indicating that the transcript may be stabilized in the presence Of ethylene. Half-life measurements of the tomato El7 and Lemna LHCP mRNAs with and without hormone treatment would be the most definitive way to confirm that the differences in transcript accumulation are due to effects on mRNA stability. It has also been suggested, based on the accumulation of wheat Em transcript in the presence of abscisic acid (ABA) and a-amanitin, that ABA regulates Em mRNA abundance at the level of transcript stability [93] , though direct evidence is again lacking.
Heat shock is another stimulus known to affect the expression of many genes [86] . For example, a-amylase transcripts in barley aleurone layers are unstable during heat shock [2, 7] . Transcripts for both the high pI and low pI isozymes decayed with a maximum half-life of 30 min when the incubation temperature was raised from 25 °C to 40 °C [7] . No transcription inhibitors were used in the time course analysis, hence the estimate of the maximum half-life. It has been proposed that the short half-lives of the transcripts during heat shock are due to active destabilization of otherwise stable mRNAs [39, 58, 59] . Heat shock also decreases the accumulation of other secretory protein transcripts in barley aleurone layers [71] and some wound-inducible mRNAs encoding extracellular proteins in carrot root disks [8] . These data support the hypothesis that heat shock-induced disruption of the endoplasmic reticulum (ER) leads to the rapid decay of mRNA that is normally translated on ER-bound polysomes [2] . Unfortunately, none of the critical comparisons were carried out under the same conditions with respect to inhibitors, i.e. experiments in the absence of heat shock involved cordycepin treatment, whereas those in the presence of heat shock were performed without inhibitors [8, 38] . Therefore, it is unclear whether the transcripts are actively destabilized by the heat shock or stabilized in the presence of transcriptional inhibitors. Interestingly, heat shock has been found to stabilize transcripts electroporated into plant protoplasts, as discussed by D.R. Gallie in this volume.
Sucrose starvation effects on c~-amylase transcripts in cultured rice cells provide an excellent example of an exogenous stimulus affecting mRNA stability. Yu and coworkers compared the decay rates of rice c~-amylase mRNA (using actinomycin D as a transcriptional inhibitor) in cells incubated in sucrosecontaining or sucrose-free medium. The results of these experiments demonstrated that the pool of c~-amylase mRNA is more stable in the absence of sucrose than in its presence [70] . Recent work with probes specific for eight rice c~-amylase transcripts revealed that the levels of all of the mRNAs were quite low in cells provided with sucrose. In sucrose-starved cells two transcripts, ~amy3 and aamy8, account for 90% of the c~-amylase mRNA pool while the other transcripts, represented by aamy7, are weakly expressed. Although the half-lives of the three transcripts are different, all are approximately fourfold more stable in the absence of sucrose (S.-M. Yu, personal communication).
Light effects on gene expression have been studied extensively, and it is not surprising that light likely affects th e stability of some light-responsive mRNAs. The ferredoxin-encoding genes Fed-1 from pea [15] and FedA from Arabidopsis [89] are of particular interest because they show increased RNA accumulation in light-grown versus dark-adapted leaves that cannot be accounted for by changes in transcription. Arabidopsis FedA transcript is twenty times as abundant in the light as in the dark, whereas the transcriptional activity, as measured by nuclear run-ons, was only twofold higher in the light than in the dark. The large difference in mRNA accumulation coupled with the small difference in transcriptional activity suggests that the FedA transcript is either stabilized in the light or destabilized in the dark.
Similarly for Fed-l, nuclear run-on transcription cannot explain the increase in transcript abundance in the light [15] . Moreover, the sequences responsible for light regulation of Fed-1 have been delineated by examining the light-responsiveness of various chimeric reporter genes in mature leaves of transgenic tobacco [15] . These experiments showed that increased accumulation of pea Fed-1 mRNA in the light is dependent on an internal light regulatory element that includes portions of the 5'-untranslated region (UTR) and the coding region of the transcript. Neither the 5'-UTR nor the coding region alone is sufficient for induction of the light response; however, a 230 nucleotide Fed-1 fragment consisting of the 5'-UTR and the first third of the coding region fused to reporter sequences shows about fourfold higher transcript accumulation in the light than in the dark, similar to wild-type Fed-1. Blocking translation of chimeric gene transcripts by the insertion of nonsense codons abolishes the light response conferred by Fed-1 sequences, demonstrating the requirement of an open reading frame for increased mRNA accumulation in the light [ 16] . Taken together, these data strongly indicate that the pea Fed-1 mRNA is stabilized in the light.
Control at the level of mRNA stability may contribute to the regulation of the light-responsive genes encoding the small subunit of ribulose bisphosphate carboxylase/oxygenase (rbcS), but the nature of the effect differs depending on the gene family members being examined, the conditions under which the plants are examined, the developmental stage of the plant, and the plant species. When petunia plants are placed in darkness, the ensuing decrease in rbcS transcripts parallels the decrease in transcription, indicating a lack of post-transcriptional control under these conditions [81] . However, re-exposure of petunia plants to light after 48 h of darkness induces the accumulation of the rbcS A subfamily of mRNAs to a higher level than would be expected from the increase in transcription, suggesting a stabilization of the mRNAs in the light [81 ] . Potato rbcS transcripts decay more rapidly in the dark than in the light in the presence of cordycepin. This indicates that the transcripts are actively destabilized in the dark [21] or stabilized in the light. Interestingly, different potato rbcS transcripts disappear at different rates in the dark, an effect that was masked by cordycepin, which stabilized the transcripts in the dark [21 ] . Differential decay of individual rbcS transcripts has also been reported in Lemna gibba [64, 75] . The half-lives of two of the transcripts, SSU1 (ca. 8 h) and SSU5B (ca. 5 h), were determined using cordycepin to inhibit transcription [64] . The higher stability of the SSU1 mRNA at least partially explains its greater accumulation in the cytoplasm than SSU5B, despite the fourfold higher transcriptional activity of SSU5B. In mature soybean, discrepancies between mRNA accumulation levels and transcription rates suggest that rbcS transcripts are less stable in the dark than in the light [81 ] , similar to the results in potato. In contrast, discrepancies in transcription rates and mRNA accumulation data from soybean seedlings suggest rbcS mRNAs are more stable in the dark than in the light [71 ] . The degradation rates of the soybean rbcS transcripts in light and dark conditions at the different developmental stages have not yet been determined; however, the simplest explanation of the soybean data is that differential control of mRNA stability occurs during development.
A particularly interesting case of regulated mRNA stability is that of a proline-rich protein, PvPRP1, mRNA. In cells of common bean (Phaseolus vulgaris) the PvPRP1 mRNA is destabilized in response to treatment with fungal elicitors [98] . After actinomycin D treatment, the PvPRP1 transcript has a half-life of 60 h in the absence of fungal elicitors and 18 h in the presence of fungal elicitors. However the half-life of PvPRP1 in elicitor-treated cells is much greater in the presence of actinomycin D (18 h) than in the absence of actinomycin D (maximum of 45 min) [98] . Therefore, although the PvPRP1 mRNA is clearly destabilized in response to elicitors, the magnitude of the effect cannot be calibrated exactly, due to the stabilizing effect of actinomycin D on the transcript.
Cis-and trans-acting determinants of mRNA stability
Most of the work characterizing the cis-and transacting factors responsible for mRNA stability has been done with unstable transcripts, that is, those with a half-life of about an hour or less. One reason for this is that genes with unstable transcripts often encode proteins whose expression must be tightly controlled, such as those genes involved in growth and differentiation. Unstable transcripts include phytochrome [35, 69] and certain auxin-induced transcripts in plants [28, 45, 52] , and protooncogene and cytokine transcripts in mammalian cells [33, 66] . The rapid decay of unstable transcripts is considered to be an active process for two main reasons. First, data indicate that most transcripts are relatively stable in eukaryotic cells [6, 74] . For example, in one study aimed at isolating genes for unstable transcripts (GUTs), only a small percentage of tobacco cDNAs were found to correspond to unstable transcripts [80] , supporting the hypothesis that stability rather than instability is likely to be the default. Second, nearly all of the sequences that have been shown to affect mRNA stability act to decrease mRNA half-life [67, 76] or serve to block the function of an instability sequence [4] . However, in mammalian cells, elements that stabilize the c~2-globin mRNA in erythroid cells have recently been identified in the 3 ~-UTR of the transcript [92] . In transgenic tobacco, it has been found that the fusion of a reporter gene (driven by the CaMV 35S promoter) to 3 ~ ends from different plant genes results in large differences in mRNA accumulation [42] . Other experiments carried out using rice protoplasts demonstrate that the 5~-UTR of the wheat Em transcript contains an element that enhances gene expression assayed at the protein level [50] . While these differences have not been shown to be the result of differences in mRNA stability, it is quite possible that cis-acting elements within the 5' and 3 ~ ends of these plant transcripts serve to stabilize the chimeric transcripts.
Cis-acting elements that control inherent mRNA stability
The two cis-acting mRNA stability determinants that are common to virtually all plant mRNAs are the mTGppp cap at the 5' end and the poly(A) tail at the 3' end. Gallie and coworkers found that the 5 ~ cap stabilizes transcripts two-to fourfold, and the poly(A) tail stabilizes transcripts two-to three-fold by electroporating capped or uncapped mRNAs and mRNAs with or without a poly(A) tail into tobacco protoplasts [23, 25, 26] . The stabilizing effects of the cap and tail are not synergistic, but they are additive [23] . Although it is unclear how the mechanisms responsible for removal of the cap and poly(A) tail are regulated in plants, these cis-acting components are considered to play a general role in determining a transcript's overall stability.
To begin to understand the kinds of sequences that control the stability of specific plant mRNAs, the focus has been on unstable mRNAs such as those encoded by the SmallAuxin-Up RNA (SAUR) genes of soybean and Arabidopsis [28, 52] . SAUR transcripts are among the most unstable plant mRNAs known, with half-lives of 10 to 50 min, depending on how the half-lives are measured [20] . The most detailed studies of SAUR mRNA stability have been carried out on the SAUR-AC1 gene of Arabidopsis [27] . As a first step toward delineating the sequences responsible for instability of the SAUR-AC1 mRNA, the auxin-regulated promoter region of the gene was removed and the sequences downstream of the promoter, including the coding region and 3 ~-UTR, were placed under the control of the CaMV 35S promoter. The resulting 35S-SAUR chimeric gene was expressed at a very low level in both the absence and presence of auxin, consistent with the presence of instability sequences in the SAUR-AC1 mRNA that function in an auxin-independent manner. Subsequent experiments showed that both the coding region and the 3'-UTR of SAUR-AC1 contribute to low mRNA levels. Effects on mRNA stability were assayed using chimeric genes under the control of the tetracyclinerepressible Top 10 promoter. Messenger RNA half-life analysis following tetracycline treatment demonstrated that the SAUR-AC1 coding region does not contain elements that decrease mRNA stability. In contrast, the 3'-UTR was found to act as a potent mRNA instability determinant.
The most highly conserved sequence in the 3 tUTRs of SAUR transcripts is the DST (downstream) element [28, 52, 95] . As illustrated in Fig. 1 , this element consists of three conserved regions (subdomains) separated by two variable regions. The ATAGAT and the T-GTA in the second and third subdomain are invariant in all reported SAUR DST sequences. It had previously been shown that a synthetic element consisting of two copies of the soybean SAUR 15A DST is sufficient to destabilize reporter transcripts in stably transformed tobacco cells when placed downstream of the coding sequences [57] . These data may provide clues as to the regions of the SAUR 3~-UTR that contribute to its ability to function as an instability element. It is interesting that two copies of the DST element were required to target reporter transcripts for rapid decay in stably transformed tobacco cells, yet the endogenous SAUR genes contain only one copy of DST [28, 52, 95] . The difference may be due to the DST element's relative position in the 3~-UTR, or some redundancy of portions of the DST element may be required for instability. The latter hypothesis is supported by the occurrence of multiple subdomains of the DST element in the 3'-UTR of SAUR-AC1 (Fig. 1) .
Another cis-acting element that functions in plants is related to mammalian instability determinants with multiple AUUUA pentamers. The 3~-UTRs of many unstable mammalian lymphokine, cytokine, and protooncogene mRNAs contain several AUUUA repeats, and the AUUUA repeats have been determined to function as important instability determinants in some transcripts [33] . To test whether the AUUUA motif is recognized as an instability determinant in plants, a synthetic element containing multiple overlapping AUUUA pentamers (Fig. 1) was inserted into the 3~-UTR of the fl-glucuronidase and/3-globin reporter transcripts [60] . Half-life measurements in stably transformed tobacco cell lines showed that the AUUUA repeat made reporter transcripts degrade rapidly compared to transcripts with no insert or with a control insert containing interspersed G and C nucleotides. Sequences with the same A+U content but lacking the AUUUA motif had little effect on the stability of reporter transcripts, indicating that it is not simply regions rich in adenine and uridine residues that are being recognized as instability determinants. It is also likely that the AUUUA element functions in intact plants, as reporter transcripts containing the instability determinant accumulate to much lower levels in transgenic plants than do transcripts containing a control insert interspersed with G and C residues [60] . As in mammalian cells, the mere presence of an AUUUA sequence is not sufficient to destabilize mRNAs in plants [33, 90] . In plants, the minimal sequence requirements for AUUUA-mediated instability are not known, but in some mammalian examples the element must be flanked by U residues on both sides [46, 99] . Curiously, AUUUA sequences do not appear to function as mRNA instability determinants in yeast [54] .
Putative cis-acting determinants of regulated mRNA stability
In addition to the aforementioned cis-acting sequences that control inherent mRNA stability, progress has recently been made toward identifying possible cisacting determinants that differentially regulate mRNA stability. One of the earliest and most significant examples comes from analysis of the light-regulated pea Fed-1 mRNA mentioned earlier. This transcript contains an internal light-response element that appears to stabilize Fed-1 mRNA in the light [15, 16] . Light induction of Fed-1 mRNA accumulation in the mature leaves of transgenic plants requires a 38-nucleotide region of the 5'-UTR and sequences that extend into the coding region of the transcript [15] . Specifically, in the presence of the 5~-UTR, translation of 47 codons of Fed-1 is sufficient to confer light-responsiveness on a Fed-I-GUS fusion transcript, whereas translation of only 5 codons is not [ 16] . In the absence of the 5~-UTR, the coding region is not lightresponsive [15] , indicating an interaction between a cis-acting element in the 5'-UTR and the requirement for translation.
Although the Fed-1 light-regulatory region is the most highly resolved, several reports provide hints as [28] transcript, DST element [57] and AUUUA repeat [60] are shown. White letters on a black background in the SAUR-AC1 3 r end sequence [28] show the endogenous DST element. Hashed rectangles depict sequences similar to the conserved ATAGAT subdomain of DST, while the black rectangles depict sequences similar to the conserved GTA subdomain of DST. Arrows in the AUUUA repeat indicate the 11 copies of the pentamer motif in the sequence.
SAUR-ACl 3' end:

AGTACTATACTACAACATTTCCATAI i i t j t t t AGATTGTTAG CTAATTTC CC
to the identity of other cis-acting sequences that may regulate mRNA stability in response to particular stimuli. For example, a 27-nucleotide sequence in the 3'-UTR of the PvPRPI mRNA has been implicated in elicitor-mediated regulation of PvPRP1 mRNA stability because an elicitor-regulated RNA-binding protein interacts with this sequence in vitro [97] (see below).
The 27 nucleotide sequence is U-rich and contains a copy of the AUUUA sequence. Other candidates for mRNA stability determinants are regulatory sequences located downstream of protein-coding regions. These include 3' sequences that mediate sucrose inducibility, root cortex-specific expression, or wound inducibility of the potato Sus4 [22] , oilseed rape AX92 [18] , and potato inhibitor II [84] genes, respectively. It should be noted, however, that some 3' end elements may function at the level of transcription, especially those that are eventually localized to the region downstream of the poly(A) addition site [12, 47] .
Trans-acting determinants of mRNA stability
Similar to the situation for cis-acting elements, both general and specific trans-acting factors are considered to be important for the control of mRNA stability. The cytoplasmic poly(A) binding proteins (PABPs), which bind along the poly(A) tail of mRNAs, stand out among the general trans-acting factors because of the known roles of the yeast PABP and the multiplicity of PABPs in plants. PABP has recently been shown to inhibit mRNA decapping in yeast, thereby preventing transcript degradation by 5' to 3' exonuclease activity [ 10] . Yeast PABP alters poly(A) tail metabolism in several ways, including increasing the rate of deadenylation [ 10] . The increased deadenylation rate may occur due to an interaction with the yeast poly(A) nuclease (PAN), which is dependent on PABP for its activity [49] . The deadenylation rate has been shown in mammalian cells and yeast to be an important factor in determining the half-life of some mRNAs [54, 72] .
In plants, the situation is likely to be more complex than in yeast because characterization of PABP polypeptides and genes indicates that plants contain several differentially regulated PABPs [3, 37, 96] . Polypeptides of about 70 kDa (the expected size for PABPs) have been identified from tobacco, Arabidopsis, and pea extracts that bind to poly(A) [96] . Arabidopsis contains at least four genes (PAB1, 2, 3, and 5) that encode PABPs on the basis of amino acid sequence homology [3, 37] , and the binding of the PAB5 gene product to poly(A) has been demonstrated directly [3] . PAB3 and PAB5 are floral-specific and PAB1 is preferentially expressed in roots and to a lesser extent in young flowers [3] . The differential expression of multiple PABPs may provide plants with an additional method of regulating mRNA stability by allowing different interactions to occur between PABP and other proteins, such as poly(A) nucleases [49, 68] .
A promising candidate for a specific trans-acting factor that regulates mRNA stability in plants is the 50 kDa protein (called PRP-BP) that specifically binds a sequence in the 3t-UTR of the PvPRP1 transcript of common bean [97] . As discussed earlier, PvPRP1 mRNA is destabilized when bean cells are treated with fungal elicitor. Binding activity of PRP-BP increases markedly in elicitor-treated cells prior to rapid PvPRP1 mRNA degradation, suggesting that binding of the protein to the 3'-UTR functions in the destabilization of PvPRP1 mRNA [97] . Perhaps the most interesting aspect of the binding activity is that it is apparently regulated by the redox state of the protein. If cellular extracts are treated with the reducing agent dithiothreitol (DTT) and then assayed for binding to the PvPRP 3'-UTR, extracts from elicited or unelicited cells exhibit comparably high levels of PRP-BP activity [97] . Conversely, treatment of cellular extracts with oxidizing agents inhibits PRP-BP activity in vitro. Taken together, the data suggest that exposure of bean cells to fungal elicitors causes a reduction of PRP-BE whereupon the protein binds to the PvPRP1 3'-UTR, thereby destabilizing the transcript [97] .
PRP-BP and other yet to be identified RNA-binding proteins that trigger decay of specific plant mRNAs may themselves function as endoribonucleases or they may facilitate recognition of the transcript by ribonucleases (RNases). In any event, RNA-degrading activities must figure prominently in mRNA decay pathways. Many plant RNases have been studied and characterized, but those RNases that play a role in mRNA decay have not been differentiated from those with other roles in RNA metabolism, albeit several secretory RNases likely fit into the latter category [ 1, 31] . Recently, a genetic approach to this problem was undertaken, in which mutant Arabidopsis plants with altered RNase profiles were isolated using a substratebased gel assay (M.L. Abler and P.J. Green, unpublished data). The isolated mutants affect several different RNases by increasing, decreasing, or eliminating particular activities. By examining the metabolism of reporter transcripts and endogenous RNAs in these mutants it should be possible to learn whether the affected RNases participate in the mRNA decay process.
Although trans-acting determinants of mRNA stability are usually thought to be proteins, RNAs can also function in this capacity in at least some antisense mechanisms. More often than not, sense mRNA accumulates to low levels in plants containing antisense transcripts. The simplest hypothesis to explain these results is that repression of expression by antisense RNA involves the formation of sense:antisense RNA duplexes, which are rapidly degraded [5] . In the case of transgenic tobacco expressing antisense rbcS RNA, it has been determined that the antisense RNA decreases the stability of the sense transcript [43] . Nuclear run-°n transcription assays indicate that the rbcS sense and antisense RNAs are transcribed at about the same rate, and mRNA half-life studies after cordycepin treatment indicate that sense rbcS mRNA is less stable in plants expressing antisense RNA than in wild-type plants [43] . It is tempting to speculate that a dsRNase or dsRNA-binding protein mediates this effect.
Plant mRNA decay mechanisms
One of the most effective strategies for elucidating mRNA decay mechanisms is to analyze the structure and formation of decay intermediates. Unfortunately, for most plant and other eukaryotic mRNAs, no degradation intermediates can be detected on RNA gel blots, implying that once degradation is initiated, it is extremely rapid. However, two plant mRNAs, oat PHYA and soybean SRS4, appear to be exceptions to this rule, and the analysis of these transcripts has provided most of our insight into the mechanistic nature of mRNA decay pathways in higher plants.
In both soybean and transgenic petunia, a series of discrete fragments of the SRS4 transcript are evident on RNA gel blots [82] . Several observations argue that these fragments are bonafide degradation intermediates. First, the same SRS4 RNA fragments accumulate when the gene is transcribed under the control of either the CaMV 35S or the SRS4 promoter [82] . Second, the fragments are polysome associated [82] . Third, experiments adding tracer RNAs to homogenized samples indicate that the fragments do not arise during RNA purification steps in vitro [82] . Finally, the addition of in vitro synthesized SRS4 RNA to a cell-free mRNA decay system containing polysomes [78] or an S 150 extract [79] generates the same degradation products observed in vivo. S 1 nuclease and primer extension mapping of the fragments indicates that most major proximal products with an intact 5' end can be matched with a distal product with an intact 3' end [79] , indicating that each pair of products probably arose from endonuclease cleavage of the full-length SRS4 mRNA, possibly directed by local secondary structure [79] . Further analysis showed that this endonuclease cleavage is independent of decapping or deadenylation of White enzymes are stochastic endonucleases, gray and spotted enzymes are exonucleases. A depicts stochastic endonucleolytic decay without prior deadenylation as proposed for SRS4 mRNA [79] . B depicts exonucleolytic decay pathways proposed for PHYA mRNA [36] . Parentheses around the 5 ~ cap indicate that the presence or absence of the cap has not been determined. Heavy arrows in A and B represent the major degradation pathways for the soybean SRS4 [79] and oat PHYA [36] transcripts, respectively. the transcript. These and other data led to the model in Fig. 2A for the decay of SRS4 RNA [79] . In this model, decay is initiated by a stochastic endonuclease and then the proximal and distal products are subjected to 3' --+ 5' or 5' --+ 3' exonuclease digestion, respectively. Similar to the situation for the SRS4 mRNA, evidence indicates that fragments of the oat PHYA mRNA that can be observed on RNA gel blots are in vivo generated degradation intermediates. The PHYA mRNA fragments are observed with different isolation procedures when other endogenous or exogenously added RNAs remain intact [36] . PHYA mRNA fragments are also present in RNA isolated from a polysomebased in vitro system, and are associated with polysomes in vivo as well. However, unlike the SRS4 RNA fragments which accumulate as discrete products, the PHYA fragments form a continuous distribution that ranges in size from 4.2 kb to about 200 nucleotides [36] . The analysis of these fragments with different probes has led to the proposal that they arise from two pathways that primarily involve exoribonuclease activities, as shown in Fig. 2B . In this model, about 75% of the molecules are degraded before removal of the poly(A) tail by a 5' --+ 3' exonuclease, whereas 25% are deadenylated prior to degradation by the combined action of 5' -+ 3' and 3' --+ 5' exoribonucleases [36] . Although an alternative model involving a stochastic endonuclease can be invoked to explain PHYA mRNA decay, this seems less likely due to the continuous distribution of RNA fragments [36] .
The decay of SRS4 mRNA and most of the PHYA mRNA differs significantly from the best understood mechanism for eukaryotic mRNA decay, the deadenylation-dependent decapping pathway elucidated in yeast [13, 14] . In this yeast pathway, the poly(A) tail is removed, perhaps by a poly(A) nuclease [49] , and this event triggers the removal of the 5 ~ cap by a decapping enzyme. The decapped mRNA is then degraded by XRN1, a Y --+ 3 ~ exoribonuclease [13, 41, 53] . Only the deadenylated fraction (25%) of the PHYA mRNA would appear to be a good candidate for decay by this type of pathway. A deadenlyation-independent decapping pathway also exists in yeast [55] ; the existence of such a pathway in plants could explain the decay of the majority of the PHYA mRNA, but the dependence of PHYA mRNA decay on decapping remains to be investigated. The mechanism responsible for the decay of SRS4 mRNA appears to be novel. In the future it will be important to determine whether the SRS4 or the PHYA mRNA decay pathways are representative of the decay pathways of most other plant mRNAs that do not give rise to visible degradation intermediates.
Translation and mRNA stability
Accumulating evidence indicates that mRNA decay mechanisms are often coupled to translation in plants [76] and other organisms [66] . With respect to general determinants, the cap and poly(A) tail, which contribute to the stability of mRNAs, are even more important to assure efficient translation (see the chapter by Gallie in this volume). Therefore, mechanisms that remove these elements would be expected to decrease gene expression at the levels of both translation and mRNA stability. Another observation that links translation and mRNA stability is the stabilizing effect that the protein synthesis inhibitor cycloheximide has on a number of unstable mRNAs [76] . This could occur because translation of a labile trans-acting factor, or translation of the mRNA itself, is required for rapid degradation. The decay of mRNA is likely to take place, at least in part, on polyribosomes because the decay intermediates of the SRS4 and PHYA mRNAs have been found to be polysome associated [36, 82] and most in vitro decay systems are polysome based [9, 66, 78] . Unfortunately, it has been difficult to develop in vitro decay systems that are also translation competent, so most direct data about the influence of translation on mRNA stability have come from other approaches. For example, in the case of the pea Fed-1 gene, several mutations that block translational initiation or elongation have been examined for their effects on light-regulated transcript accumulation [16] . Such mutations abolish the light response of Fed1, consistent with the model of translation being a requirement for the stabilization of Fed1 in the light (discussed above). Restoration of the reading flame, even when different amino acids are substituted, restores the light response [ 16] .
Compelling evidence for a strong connection between translation and mRNA stability in plants comes from studies of the effect of premature nonsense codons that occur naturally or have been engineered into plant genes. Key examples have been the major Kunitz trypsin inhibitor (KTi3) transcript in soybeans, and the phytohemagglutinin PHA (also called Pdlecl) transcript in common bean. A KTi3-null line of soybean contains far less transcript than a line of soybean producing normal levels of KTi3, even though the KTi3 gene is transcribed at the same rate in both lines, as measured by nuclear run-on analysis [44] . The only differences between the normal and null genes are a transversion and a two-base deletion in the latter. The deletion causes a frameshift leading to four stop codons in the new reading frame. A similar situation was described for a cultivar of common bean in which the phytohemagglutinin gene contains a single base pair deletion that shifts the reading frame, resulting in a premature nonsense codon at codon 53. The level of this mutant mRNA is greatly reduced compared to that of wild type [88] . The PHA promoter was shown to be fully functional by exchanging it with the homologous region of a normal gene and assaying lectin accumulation in seeds of transgenic tobacco [87] . Repair of the frameshift mutation led to normal levels of mRNA and protein in transgenic tobacco [87] . Taken together, the above data strongly suggested that premature translation termination was causing destabilization of the KTi3 and PHA transcripts.
More recent data have directly established that premature nonsense codons decrease PHA mRNA accumulation at the level of stability [85a] . Half-life measurements in stably transformed tobacco cell lines showed that transcripts containing the PHA frameshift mutation discussed above (leading to a nonsense codon at codon 53) or simply a nonsense mutation in codon 53 were markedly less stable than wild-type transcripts. Transgenic tobacco andArabidopsis plants also showed lower accumulation of nonsense-containing transcripts relative to wild-type, as would be expected for less stable mRNAs [85a] . These experiments establish the existence of a nonsense-mediated decay pathway in plants. At present it is unknown how many transcripts are substrates for the same or related pathways, but it is likely that many plant transcripts may be subject to accelerated decay when nonsense mutations arise within them. Several plant transcripts in addition to KTi3 have been reported to decrease in abundance due to nonsense or frameshift mutations [85, 88] . In addition, nonsense-mediated decay is known to occur in other eukaryotic organisms, and mutations blocking the pathway in yeast and Caenorhabditis elegans increase the accumulation of multiple nonsensecontaining transcripts [63, 65] . The purpose of this mechanism may be to help organisms avoid the production of potentially deleterious, truncated proteins.
To further characterize nonsense-mediated decay in plants, PHA transcripts containing nonsense codons at different positions within the coding region were examined. Transcripts with nonsense codons at 20%, 40%, and 60% of the way through the coding region were found to be as unstable as the original frameshifted transcript, while a PHA mRNA with a nonsense codon 80% of the way through the coding region was at least as stable as wild-type PHA mRNA [85a] . Apparently the relevant degradation machinery recognizes the 60% stop codon as abnormal, but makes no distinction between the 80% stop codon and the normal stop codon. Possible explanations for the above data are that the degradation machinery may recognize a cis element between 60% and 80% of the transcript that is normally masked by ribosomes, or there may be a requirement for translation of the region between 60% and 80% of the coding region in order to maintain transcript stability. Interestingly, the insertion of segments of rare codons early in the PHA-coding region is insufficient to destabilize the mRNA (A. van Hoof and P.J. Green, unpublished), suggesting that rare codons cannot substitute for premature nonsense codons to induce rapid decay. Although it has been suggested that rare codons cause mRNA instability of transcripts in plants [56] and other eukaryotes [40] , support to date derives only from circumstantial evidence.
Conclusions and future prospects
The past five years has been perhaps the most fruitful period yet in terms of research in the area of plant mRNA stability. The first cis-acting determinants of rapid decay have been identified and found to include seemingly novel elements (from SAUR transcripts) as well as those that function in other eukaryotes (AUUUA repeats and premature nonsense codons). It is now clear that stimuli that have unique effects on plants, such as light and elicitor treatment, can act at the level of mRNA stability, and important candidates for cis-and trans-acting determinants that mediate these effects have also been identified, mRNA decay 75 pathways have been proposed and our understanding of the coupling between translation and mRNA decay has increased dramatically. These advances are due in part to the development of improved methodology, but also to increased enthusiasm now that it has become apparent that the control of mRNA stability likely contributes to the expression of many plant genes. The future promises to be even more exciting as these directions are continued and additional tools are employed to elucidate mRNA decay mechanisms. For example, genetic screens for mRNA decay mutants are feasible in plants, particularly those plants with small genomes like Arabidopsis where loss of function mutations can be recovered at high frequency. As discussed earlier, one genetic screen has already identified several mutations that affect various RNase activities, some of which could function in mRNA decay. Selection schemes can also be designed to isolate mutations that stabilize a selectable marker transcript containing a specific instability sequence. Depending on which instability sequence is chosen for these experiments, the results could be unique to plants, or they could be of broad significance. Together with in vitro studies, these efforts should greatly enhance our understanding of pathways of mRNA decay and how those pathways are regulated.
